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ABSTRACT: An extensive systematic experimental investi-
gation of the pressure dlstrlbutlon on blunt body shapes at
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-Ordnance—taboratory, This-report—eeontains- the results ob-

tained from the initial phase of this investigatioh,’ The
experimental wind tunnel results wsoperted—herein are for
six variations on a general truncated cone-type body shape.
The data cover a Mach number range from about 1.75 to 8,00
for bodies with 2-inch and 3-inclh base diameters. Also
included hexredin are typical schlieren and shadow photo-
graphs obtained for a number of the body shapes. In addi-
tion, shadow graphs and aerodvnamic drag data werc obtained

for a single configuration in the Nawval Ordnance Laboratory
Pressurized Range. I,
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For ballistic wmissile application the axi-symmetric trun-
cated cone-~type body configuration is of particular in-
terest because of its attractiveness from the standpoint
of hexzt transfer and aerodynamic stability.

Because of the current deep interest in the above body
shapes and because there are no adequate analytical means
presently available for accurately predicting the pres-
sure distribution along the conteur, the present experi-
mental investigation has been conducted as part of the
over-all program on blunt bodies.
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Figure 37 The static pressure distribution cn Body #6 at
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SYMBOLS

model flat face radius
total drag coefficient
pitching moment coefficieﬁt
normal force ccefficient
damping coefficient

moedel base radius

model axial length
free-stream Mach number
local static pressure
tunnel supply pressure
Pitot pressure for € = 0°
shoulder radius

Ireco.gtream Reynolds number

Reynolds number based on boundary-layer momentum
thickness

contour length measured from the geometric center
of the model face along a streamline

tunnel supply temperature

cone half angle - degrees

angle of yaw is the angle between the relative wind
and the model axis (equivalent to pitch angle set
in wind tunnel) - degrees

angle of roll is the angle measured from the inter-

section of the windward cone surface with the plane
of yaw - degrees

vii
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EXPERIMENTAL INVESTIGATION OF THE PRESSURE DISTRIBUTION ON
AXT-SYMMETRIC FLAT-FACE CONE-TYPE BOIDIES AT SUPERSONIC AND
HYPERSONIC SPEEDS

INTRODUCT ION

1. In general, missiles designed for hypersonic flight will
be required to have blunt nose shapes. This is because pro-
hibitively high heat-transfer rates are encountered on sharp-
nosed bodies. In general, the blunt nose is all-important
for such applications since manageable heat-transfer rates
are obtained, Because of the current deep interest in these
shapes the present extensive experimental investigation has
been conducted.

2. The present wind tunnel investigation consisted of pres-
sure distribution measurements on a family of blunt-nosed
axi-symmetric bodies over a Mach number range from approxi-
mately 1.75 to 8. The bodies considered are essentially
truncated cones and hyperbolic bodies of similar shape.

From the measured pressure distribution the local flow con-
ditions along the contour can be determined by using the
isentropic flow tables (reference a). Having the local

flow conditions, quantitative calculations of the local
heat-transfer rate may be made.

3. Stability and drag data have been determined for one
configuration in the NOL Pressurized Ballistic Range.

MODELS AND FACILITIES
Selection of Model Configuration

4, The axi-symmetric flat-face cone-type configuration

(see Table 1), was chosen for the present experimental study
because of its qualitative attractiveness frcm the stand-
point of aerodynamic stability and heat transfer on both

the front face and afterbody. The low velocity on the front
face and low density on the conical afterbody both contribute
to minimizing the over-all heat transfer,

S. In order to investigate the effect of discontinuities
in the model contour curvature on the pressure distribution,
a family of continuous curvature bodies* which closely ap-
proximated the truncated cones was tested.

*The equations and coordinate system for the continuous
curvature body shapes are given in Appendix A.
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Facilities Us2d for Tests

6. The Aeroballistics Tunnmel No. 2 has the following
characteristics:

Size and Type - 40 x 40 cm open je*

Mach Number Range - 1.2 to 5.0

Blowing Time - Continuous; recirculating
Supply Temperature - 540-580°R

Supply Pressure - 1l - 3.5 atmospheres absolute

7. The Hypersonic Tuannel No. 4 has the following charac-
teristics:

Size and Type - 12 x 12 cm closed jet
Mach Number Range - 5 - 10 with wedge nozzle
Blowing Tinme - continuous, non-recirculating
Supply Temperature - 490-1390°R
Supply Pressure - 1 - 40 atmosphsares ahksolute
8. The Pressurized Ballistic Range No, 3 has the following
characteristics:
Length - 319 Feet
Diame ter - 3 PFeet (with a usable disper-
sion area of 1 x 1 foot)
Pressure - 0.1 - 6 atmospheres absolute
Temperature - 534*0,59R
Maximum Projectiile - Size - 0.133 feet diameter
Velocity Ranga - Dependent on gun, projectile
size and charge

25

Photographic Spark
Stations
Chronograph Stations

Any 13 selected stations-
10 megacycle chrcnographs

RESULTS AND DISCUSSION
Pressure Distribution, € = 0°

8. Figure 1 presents the calculated, laminar Reg growth on
Body #1 for both the experimental pressure distribution and
that calculated by the modified Newtonian concept (reference
b) as shown in Figure 2, The results shown in Figure 1
indicate that the predicted variation of Reg aloag the con-
tour using the modified Newtonian pressure distribution for
these body shapes is appreciably different from that obtained
using the actual measured pressure distributlon, Consequently,
the foiiowing experimental results were obtained in lieu of
an adequate means for predicting the pressure distribution
about such blunt bodies.
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10. 1n some of the figures which follow, several compari-
Sons are made in an attempt to demonstrate important effects.
These comparisons are not intended to be all inclusive be-
cause it is the primary purpose of this report to present

the data. The comparisons are intended, however, to indicate
significant trends which are currently of interest.

11. The experimentally determined pressure distributions
for zero yaw (angle of pitch) are plotted in terms of the
ratio of the local pressure on the surface to the model
stagnation pressure (p / Pg') as a function of the non-
dimensional contour length (S/h). These data are given
in Figures 2-23, For each set of pressure distribution
data presented in Figures 2-19 inclusive, there are cor-
responding shadowgraph photographs. These are given as
Figures 2a-19a.

12, 1In general, for all of the configurations investigated
the data indicated a slight incrzase in velocity aloag the
front flat face as the contour length firom the stagnaticn
point increases., Along the circular arc connecting the
front face and the conical portion a rapid acceleration
occurs which may or may not result in a localized overexpan-
S8ion at the start of the conical portion., The strongest
overexpansion occurs at the lower Mach numbers, (M<3),.
Examination of the appropriate photographs shows the shock
waves resulting from the overexpansion. These may cause
boundary layer separation.

13. To demonstrate the influence of Mach number on geo-
metrically similar configurations. (Bodies 1 and 6), the
data presented 1n Figures 2 and 23 [see Table 1] are re-
plotted in Figure 24, The data indicate that the pressure
distribution over the face and corner 1is relatively unaf-
fected by Mach number. However, a Mach number effect is
evident on the conical portion at the lower Mach numbers.*
In no case was the conical section sufficiently long to
achieve that pressure which would exist on a sharp nosed
cone of the same apex angle.

14. The data of Figures 2 and 4 have been replotted on
Figure 25 to demonstrate the effect on the pressure distri-
bution of doubling the shoulder radius of Body #1 to make it
bscome Body #2 [see Table I} . The increased shoulder radius
resulted in an alleviated pressure gradient in the corner
region and a smaller overexpansion.

*This is more self--evident if one also plots the intermediate
Mach number data of Figures 3, 202, 21, and 22 on Figure 24,
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15. Bodies 3, 4, and 5 [see Appendix 1 and Table I} are
hyperbolic bndies whose contours very closely approximate
cone-frustrums whose flat-faces are connected to the con-
ical surface by circular arcs. The radius of the flat-face,
the base radius and the cone angle have been held constant
for each body and the shoulder radius has been varied thus:
Body #3, r = 1/4"; Body #4, r = 1/2"; and Body #5, r == 1",
To demonstrate the influence of the different corner radii
on the pressure distribution the data of Figures 8, 12, and
16 are plotted on rFigure 26, The data of Figure 2¢C indicate
that the steep pressure gradient in the corner region is
somewhat alleviated by increasing the corner radius. The
local overexpansion is eliminated on Body #5.

16. The pressure distribution obtained on a discoatinuous
curvature body is compared (for equivalent distances measured
along the contour from the model stagnation point) to that
obtained on a physically similar continuous curvature body

in Figure 27, The data presented in this figure were ob-
tained from Figures 2 and 8. There is little or no dif-
ference between the two sets of data indicating that for
these particular bodies there is no effect due to discon-
tinuities in curvature.

Pressure Distribution, €# 0°

17. Additional data were taken on Body #6 for angles of

vaw (€ ) of 3, 6, and 9 degrees at M =~ 5.1 and 6,4, and

€ = 3 and 6 degrees at M = 7.2 and 8.1. Figures 28 through
37 give the basic presentation of this data, 4 limited
amount of data (not shown) were taken with orifices located
on the circle defined by the tangency of the shoulder and
cone. The orifices were offset 450 on either side of the
measuring meridian, The data, so obtalned, indicated no
overexpansion, so that the levels of cone pressure shown

on the plots probably can be extended forward to the ter-
mination of the shoulder. The apparent waviness of the
pressure distribution along the cone is explained as follows:
In terms of S/h, the orifices on the cone surface were al-
ternated along two diametrically opposite meridians cof the
model and the orifices were in a single meridian plane to
facilitate obtaining roll data. An exception to the above
occurs for the two orifices at the largest S/h values, which
are on the same meridian of the cone, Therefore, the data
demonstrate the existence of two distinct pressure levels

on diametrically opposite meridians of the cone when these
meridians are brought consecutively into the same orienta-~
tion of € and . The effect cited is eospccially strong

in the data of Figures 33, 39, and 37, i.e., at the higher
Mach numbers and yaw angles.
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18. This asymmetry of the data would seem largely to pre-
clude an explanation based on inclinations of the tunnel
fiow, or on interference between the tunnel and model.
After careful checking of the pressure instrumentation and
model symmetry, it is thought that the presence of an ori-
fice on the midpoint of the shoulder (S/h = 0.452) effec-
tively disrupts the symmetry of the model for most of the
test conditions represented by the data of Figures 28
through 37. The 0.025 inch diameter orifice subtends ap-
proximately 14 degrees of the 60 degree shoulder arc. A
direct experimental check of the effects of known distur-
bances in the shoulder region would be of interest in this
regard.

19, Figure 38 shows contours of Po’ over the flat-face

and shoulder of the model. The stagnation region has been
designated as that region in which 0,99 € p/P,' = 1.00.

The radial coordinate implied in this plot is S/h so that
the radial extent of the shoulder is shown larger than

would appear in a true projection., The angular extent of
the shoulder is 60 degrees of arc. 1f a contour of p/Po'==
0.53 is taken as the locus of the sonic point on the shoulder,
then Figure 38 indicates substantial variations in the posi-
tion of the sonic point around the model for € = 5 degrees.
For ¢ = 90 degrees, the contours are not displaced ap-
preciably as a result cof the S-degree yaw shown in the
fipgure. The preceding figures show that a fairly constant
cone pressure 1s maintained at this roll position through-
out the range of Mach numbers and yaw angles,

20, Figure 39 shows the Mach number effect on data taken in
the meridiaa plane of yaw (ﬂ- 0, 180 degrees) with a yaw
angle, € , of 6 degrees. A substantial difference existis

on the shoulder between data taken for the two lower Mach
numbers and those obtained for the two higher Mach numbers.
In general, the variation of the data with Mach number ap-
pears greatest in regions of steep pressure gradient.

21, Figure 40 shows the yaw effect on data taken in the
meridian plane of yaw (¢- 0, 180 degrees) at the highest
Mach uumber tested., The dual pressure-levels at various
roil positions on the cone surface were discussed in para-
graphs 17 and 18. Over the shoulder and the cone, the
pressure increments due to yaw are nearly constant at each
S/h location,

Effect of Roughness

22, A limited investigation of the effect of roughness in
the stagnation region was made to determine whether suf-
ficient differences in either the inviscid or viscous flow
fields could be detected. The roughness consisted cf a

(4]
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1/2" diameter disc of No., 60 grit placed with its center at
the model stagrpaticp peint, A shadowgraph photograph showing
the model with the roughness patch is given as Figure 41. By
comparing this photograph with Figure lla which was taken for
the same body shape and comparable tunnel conditions 1t may

be concluded that the roughness patch did not cause transition,
If turbulence had been stimulated, the disturbance pattern in
the local compression region at the shoulder would have had a
different character than that shown in Figure lla.

Pressurized Ballistic¢ Range Results

23, Five models of Body #7 which were geometrically identical
to Body #6 and geometrically similar to Body #1, were fired in
tiie Naval Ordnance Laboratory Pressurized Ballistic Range at
several Mach numbers and pressures (see Table I). A
representative snadowgraph of each of these firings is given

in the succeeding five figures (Figures 42, 43, 44, 45, and 46),
and a limited amount of numerical data was obtained,**

CONCLUDING REMARKS

24, For axi-symmetric, flat-face, cone-type bodies, the pre-
dicted growth of the lamipar boundary layer, using the modi-
fied Newtonian flow concept for determining the pressure
distribution, is appreciably different from that obtained when
the measured pressure distribution is used.

%

Data Body #7 Re_ at
Round Station M CD  CM CN  Cpg*Cy Trfn. Pt.

oC

1989 11 3.7 0.736 -.388 -1.070 -.148
1985 12 3.0 0,792 148
1986 11 2.0 0,945 364
1984 10 2.6 0.831
1990 5 2.2 0.898

Reg was computed using the method of Cohen and Reshotko (reference
¢) and the pressure distribution was obtained from the comparable

wind tunnel model data. The values of Reg obtained are comparable
to those obtalned on other blunt bodies (reference d).
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25. An extensive experimental investigatiion of the pres-
sure distribution on axi-symmetric flat-face cone-type
bodies has been conducted. The data cover a Mach number
range from about 1.75 to 8.00. Results are also given in
the form of schlieren and shadowgraph photograpns for most
of the body shapes investigated, Stability aad drag data
for a single body shape were zlso obtained in the NOL Pres-
surized Ballistic Range,

26. In general, it was found that for all of the configura-
tions investigated a slight increase in velocity occurred
along the front face as the distance from the stagnation
point increased., Alcng the circular arc connecting the
front face and the conical portion, a rapid acceleration
occurs which results in a localized overexpansion at the
start of the conical portion. Qualitatively, the amount
of overexpansion varies inversely with Mach number. For
Mach numbers greater than about 3, the pressure distribu-
tions in the frontal regiocns are essentialiy unaffected by
Mach number.



(a)

(b)

(c)

(d)
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APPENDIX I

1. The sguations used to gemerats tha continuocus curvature
bodies are as follows:

Body No. 3

Xy = 0.57737 x2 + 1.1443 x -0.00129
Body No. 4

Xy = 0.57735 x2 + 1,28868 x -0.00518
Body No. 5

Xy = 0.57737 x2 + 1.57737 x -0.062073

In these equations x and y are in inches.

g

-X X

-y

Coordinate System
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FI15. 2a SHADOWGRAPH OF BODY #1 AT 1A= 484, €=0°
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FIG 3a SHADOWGRAPH OF BODY #1 AT M=412, €=0°
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FIG. 40 SHADOWGRAPH CF BODY # 2 AT M=484, €¢=C°
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FiG. 5o SHADCWGRAPH OF BODY #2 AT M=4.12, €=0°
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FiG. 7a SHADOUWGRAPH OF BODY #2 AT M=1.79, € =0°
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FIG. Ba SCHLIEREN PHOTOGRAPH OF BODY #3 AT M= 4.84, ¢=0°
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FIG 100 SHACOWGRAPH OF BODY #3 AT M=2.88, €=0°



OOHW
6L1=N 1V € 33 AGO8 NO NOILNEIYLSIA 3¥NSSIHd JILVLS FHL I} "9Id

Y HLONZT ¥NOLNOD

LAl 2 ol 8'0 9'0 vo <0

.
|

4]

1

|
IR

NAVORD REPORT 5659

.°d/d OlLyH 3HNSSING DILVLS

el
o

R L
¥335N0NS
!

]

[

-
-




.0

FIG. e SHANGWSRAaFH OF BODY #3 AT h=1LT7T9, <=uJ
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FIG. I6a SCHLIEREN PHOTOGRAPH OF BODY #35 AT M=4.84, €=0°
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FIG. 17a SCHLIEREN PHOTOGRAPH OF BODY #5 AT M=4.12, €=0°
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FIiG. 41 SHADOWGRAPH OF BODY #3 AT M =179 WITH ROUGHINESS
AT STAGNATIGM POINT



NAVORD REPORT 5659

FIG. 42 SHADOWGRAPH OF BODY #7 AT M=3.85




FIG. 43 SHADOWGRAPH OF BODY #7 AT M=3.19
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FIG. 44 SHADOWGRAPH OF BODY #7 AT M=292
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FiG. 45 SHADOWGRAPH OF BODY #7 AT M=2.78



FIG. 46
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SHADOWGRAPH OF BODY #7 AT M=2.73
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